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ESTIMATION OF KINETIC PROPERTIES OF PARTICLES FORMING RANDOM ROUGH SURFACES 
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The Netherlands 
(Received 29 November 1996; accepted 26 May 1997 by B. Lundqvist) 
An investigation of kinetic properties (diffusion length and activation 
energy) for deposited particles that form films with rough surfaces is 
presented. Calculation of these properties is performed as a function of 
the roughness exponent H, the rms-roughness u and the in-plane correlation 
length .$ of the final film surface morphology. The diffusion length 
scales as d,a &“” for 0 < H % 1 and possess an exponential behav- 
iour da e”’ for H = 0 with a low sensitivity on l. We illustrate our 
calculations for room temperature evaporated Ag films, where the esti- 
mated diffusion lengths are d - 2-3 nm and the corresponding activation 
energies E < 1 eV. 0 1997 Elsevier Science Ltd. 
Keywords: A. surfaces and interfaces, A. thin films, C. scanning tunnelling 
microscopy. 
During the growth of thin films the final surface morph- 
ology is determined by the competition between surface 
relaxation mechanisms and atom arrival rate. Fundamen- 
tally the process is a nonequilibrium one where the initial 
non-occupied surface evolves in time to attain a new 
state with the surface covered by the incident atoms. An 
understanding of the mass transport across the surface by 
means of surface diffusion is of crucial importance for 
controlling atomic processes on well-prepared surfaces. 
A wide variety of thin films grown under non- 
equilibrium conditions (e.g. vapour deposited thin 
metal films) possess urfaces with roughness which is 
described in terms of self-affine fractal scaling [ 1, 21. 
This type of roughness is characterized by the rough- 
ness exponent H (0 < H < l), the rms roughness u and 
the in-plane correlation length [. The ratio u/t describes 
mainly the long-wavelength (> t) roughness character- 
istics. Finer roughness details at short-wavelengths (<[) 
are revealed through the effect of the exponent H (or 
a local fractal dimension D = 3 -H) [2-41 which 
describes the degree of height-height fluctuation density 
such that small values of H (H- 0) correspond to highly 
irregular surfaces, while large values (H - 1) correspond 
* To whom correspondence should be addressed. 
to surfaces with a smooth ill-valley structure (see Fig. 1) 
[Il. 
In our study, kinetic characteristics such as diffusion 
length and activation energy of deposited metal adatoms, 
that form thin films with rough surfaces, will be related 
directly to the nanoscale roughness characteristics (a, 5, 
H> of the final film morphology. Indeed, a detailed 
investigation of the relation between roughness param- 
eters of the final film morphology and diffusion-kinetic 
characteristics that lead to this morphology is still in its 
infancy. Moreover, we illustrate our calculations by 
estimating diffusion lengths and activation energies for 
Ag thin films studied by means of scanning tunnelling 
microscopy (STM) and comparisons are performed to 
previous diffusion studies. 
In recent diffusion studies of Ag films, the transient 
mobility diffusion length do (which is independent of 
growth conditions) was introduced to explain low 
measured activation energies [5, 61. This mobility was 
explained in terms of the curvature of the substrate inter- 
atomic potential. Indeed, for a stiff substrate (strong atom 
bonds), the excess of energy an atom has in the gas phase 
(before it condenses onto the surface) can be transferred 
into lateral motion since it is not absorbed immediately. 
Thus, the particle is allowed to perform extra jumps 
which is the source of do. It was suggested that do can be 
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Fig. 1. Schematics of the surface height profile h(X) 
vs X for various values of the roughness exponent 
H: (a) H = 0.3, (b) H = 0.5, (c) H = 0.7. The corre- 
sponding local fractal dimension is D = 3 -H for 
two-dimensional substrates and D = 2 -H for one- 
dimensional substrates. 
of the order of -5 nm [5], which is similar in magnitude 
with preliminary estimations of the diffusion length 
(-2 nm) from roughness characteristics of Ag films [7]. 
The diffusion length (d) is defined as the distance a 
particle travels upon arrival on the surface before it is 
incorporated into the already existing aggregate. Thus, if 
the particle travels a distance d, it is plausible to consider 
a change of the surface width a(d) (rms-roughness over 
an area d’) approximately by half the atomic step a0 [7] 
or u(d) = ao/2. The fluctuation in the surface height only 
due to fluctuations in the beam intensity (random noise) 
can be estimated as follows. For film of thickness h/a0 
over an area @/Q)~, the average number of deposited 
atoms is N = [(d/ao)2(hlu0)] and the height fluctuation 
(in the absence of any relaxation mechanism of the 
incoming particles) N”2/(d/a0)2 = (h/ao)‘Rl(d/aO) [8]. 
Thus, if for a particular film morphology a(d)&, < 
(h/u0)“2/(d/a0) the presence of a surface relaxation 
mechanism can be conjectured. 
In terms of the scaling theory approach [2] developed 
to describe growth under nonequilibrium conditions, the 
rms-roughness during growth over a substrate of planar 
size L and film thickness h scales as a@., h) = L”F(h/L”) 
with F(x) - xb if x < 1 and F(x) - const if x >> 1. z and b 
are respectively the dynamic and growth scaling expo- 
nents such that z = H/b (b, z > 0). Since a(L) = 
o(L, co) = L”F(w) and a@ L 4) = (I, we obtain F(m) = 
UltH which in combination with u(d) = ao/2 yields 
d = ~/(~/a~)“~ where the ratio lluuH represents a 
measure of the atomic step density [9]. Although scaling 
theory yields the correct behaviour of the diffusion 
length for H > 0, it fails for small values of H(H - 0) 
since a more precise calculation of the surface width is 
needed due to the increased importance of discreteness 
effects with decreasing H and especially in the limit 
H = 0 where logarithmic behaviour appears. 
The film surface is defined by a vertical height profile 
over the horizontal xy-plane and is represented by a 
single valued function h(R) of the in-plane position 
vector R = (x, y). For a self-affine fractal surface the 
surface width u(L) = ([h(R) - (h(R))]2)“2 (over an area 
L X L) scales as u(L) - LH if L < [ and u(L) = u if L > 4 
121. This behaviour is satisfied by the analytic expression 
of u(t) (in terms of the k-correlation model) IlO] 
u(L) = [~/(2Ha)“~][( 1 + ak;t2) - H - (1 + ak$$2)-H]“2, 
(0 < H I l), (1) 
u(L) = [u/2a>1’2][ln((l + akz[2)/(1 + akE,$2)]]“2, 
(H = O), (2) 
where k, = ?r/uO and kL = 27rlL. The parameter “a” in 
equations (1) and (2) is given by a = (1/2H)[l - 
(1 + ~k~[~>-~] if 0 <H < 1 and a = (1/2)ln(l+ 
akzt2) if H = 0. 
Upon substitution of u(L) from equations (1) and (2) 
into u(d) = ao/2, we obtain the diffusion length (d) as a 
function of the roughness parameters (I, ,$ and H 
d = 27r&~“~[F(H)“~ - l] - 1’2; 
F(H) = (aHa;/2u2) + (1 + akft2) - H, (0 < H 5 l), 
(3) 
d = 27r&~“~[F(O) - l] - “2; 





Fig. 2. Correlation data g(R) (-R2H; R < [) for the Ag 
film where power law fit gives H = 0.84 + 0.006. The 
vector shows the position of the correlation length [. The 
inset presents, surface width data (squares) of the same 
Ag film where the solid-line depicts a calculation of u(L) 
vs L in terms of eqn (1) with H = 0.84, E = 22 nm 
(which corresponds to the k-correlation model [lo]) 
and u = 2.88 nm obtained from the saturation regime 
of g(R). 
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Fig. 3. Calculations of d vs the roughness exponent H 
from equations (3) and (4) for au = 0.3 nm, u = 2 nm, 
[ = 20, 40, 80 nm and values of H in the range 
0 5 H < 1. The inset (A) shows d vs H for various values 
of the atomic step a0 = (0.3,0.4,0.5) nm, f = 20 nm, 
and u = 2 nm. The inset (B) shows dt (%) vs 5 for var- 
ious roughness exponents H, a0 = 0.3 nm and a = 2 nm. 
For a0 << d < [ and H > 0, a = ll2H and equation (3) 
yields d = (2?r2/H)“25(ao/2a) uH. This is the same scal- 
ing behaviour d = t/(u/a0)“” predicted previously from 
the scaling theory apart from a prefactor that depends on 
the particular surface model for u (L). 
Figure 2 shows height-difference orrelation function 
data acquired by means of Scanning Tunnelling Micro- 
scopy (STM) for a room temperature Ag film of thick- 
ness h = 208 nm, which allow precise determination 
of the parameters H, u and [. The exponent H = 
0.84 2 0.006 is obtained from the linear fit (in the 
regime of length scales 0 <R < 0.4[) of the height- 
difference correlation function g(R) with ,$ = 22 nm 
that corresponds to the value g(R = E) (in terms of the 
k-correlation model) [7, 101. The value of the correlation 
length is of physical significance since it compares to 
cluster sizes observed in the STM images. The inset 
shows surface width data u(L) vs L for the same film and 
a calculation of u (t) vs L in terms of equation (1) with 
H = 0.84, 5 = 22 nm and u = 2.88 nm. 
For the Ag film of Fig. 2 (5 = 22 nm, u = 2.88 nm, 
H = 0.84, u. = 0.27 nm), equation (3) yields the diffu- 
sion length d = 3 nm which is approximately ten atomic 
steps (--10~) and -15% of the in-plane correlation 
length [. Moreover, this value of the diffusion length 
(-3 nm) compares with values assigned to the transient 
mobility diffusion length do (-5 nm) [5]. Similar values 
of the diffusion length (d = 2 nm) were obtained for a 
wide range of room temperature grown Ag films in the 
thickness range lo-700 nm [7]. Indeed, the ratio E/uuH 
(and thus the diffusion length d) remains constant if 
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Fig. 4. Calculations of E vs H for T = 300 K, 
A0 = 7.89 X 10” Hz, c = l/4, au = 0.3 nm, u = 2 nm, 
f = 20, 40, 80 nm. The inset shows the effect of the 
exponent “c” on E as a function of H for T = 300 K, 
A0 = 7.89 X lOI Hz, a0 = 0.3 nm, 4 = 20 nm and 
c = l/4, l/8. 
predicted by the scaling theory [2] and confirmed in 
previous studies of Ag films [7]. 
Figure 3 depicts calculations of the diffusion length d 
as a function of H for 0.025 5 u/l 5 0.1. As the rough- 
ness exponent H increases, the diffusion length acquires 
significant values (d >> ao) for H > 0.5. Large values of 
the diffusion length ( > ao) for large roughness exponents 
H( 2 0.6) are in agreement with growth model predic- 
tions which incorporate surface diffusion as the dominant 
relaxation mechanism and yield 0.6 < H < 1 [ 111. The 
rapid growth of the diffusion length for exponents 
H > 0.6 is strongly enhanced for small ratios a/.$ (< 1) 
which give rise to smoother surfaces at long wave- 
lengths. The insensitivity of d with respect o u/t for 
small H (-0) can be seen directly from equation (4) 
which yields d = (27r/k,) exp (a&z/2u2) (d < [). The 
sensitivity of d on the atomic step a0 can be seen in 
Fig. 3 [inset (A)]. Although the diffusion length esti- 
mated in this manner is less than 30% of the roughness 
correlation length ,$ [Fig. 3, inset (B)], it still remains a 
significant fraction of the latter. 
Furthermore, from the diffusion length d we can 
estimate the associated activation energy. For random 
deposition of atoms at a rate Jut per substrate site (J is the 
atom flux), the atom migration is considered as a nearest- 
neighbour hopping process with a rate given by an 
Arrhenius law A(E, T) = Aoexp(-E&T) [12, 131. A0 
is an attempt rate, E the energy barrier for hopping and T 
the substrate temperature. Typical values for deposition 
rate J are in the range l-0.01 ML s-’ (ML: monolayers). 
The prefactor A0 is taken to be A0 = 41pkBTRi 1121 so that 
it is of the order of the typical vibrational frequency 
which for T = 300 K yields Aa = 8 X lOI HZ. Since 
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d/a0 = (D/Jai>’ with D = aa(E, T) the diffusion 
constant [13, 141, we obtain E = ksT[ln(Ao/J) - 
c- 'ln(d/ac)]. The value of the exponent “co in general 
varies with coverage and growth conditions. A linear 
BCF (Burton-Cabrera-Frank) theory would yield 
c = l/4 [13]. However, the nonlinearities that are 
involved under true growth conditions would lead to a 
departure from this value. Indeed, values in the range 
l/8 < c < l/4 were predicted for low coverages 
(<I ML) [131. 
Figure 4 shows the activation energy E vs H for ratios 
u/4 in the range 0.025 I a/[ 5 0.1. As the value of the 
exponent c decreases, the activation energy decreases 
(see inset of Fig. 4) especially in the regime of large H 
(H > 0.5) where the diffusion length grows rapidly 
with H (Fig. 3). For the Ag film of Fig. 2 where 
J = 0.012 ML s-’ we have d = 3 nm and the activation 
energy is estimated to be E - (0.4-0.7) eV (for c = l/4 
and l/8 respectively). Activation energies in the range 
(O.l- 1) eV have been obtained in recent diffusion studies 
for very thin Ag films on various substrates, ubstrate- 
temperatures and coverages; e.g. Ag/Si(l 1 1) (E - 
0.25 + 0.03 eV) [5], Ag/Ge(l 1 1) (E - 0.78-0.87+ 
0.04eV) [15], Ag/Ag(l 1 1) (E-0.1 eV) [16]. 
In conclusion, the diffusion length d for particles 
forming rough self-affine fractal surfaces was estimated 
as a function of the characteristic roughness parameters 
H, (I and l. The estimated iffusion lengths can be a 
significant fraction of the roughness correlation length 
as is revealed with direct comparison for Ag films. 
Our comparison with previous surface diffusion 
studies revealed that the calculated diffusion length 
is close to that associated with the transient mobility 
length do, however, further experimental (on different 
substrates and growth temperatures) and theoretical 
studies will be required to resolve this issue. Finally, 
the associated activation energy was estimated and 
leads for Ag films to values (despite the arbitrariness 
of the exponent “c”) that are similar in order with 
those observed in former diffusion studies of Ag 
systems. 
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